Abstract. Important aspects of the seasonal variations of surface ozone are discussed. The underlying analysis is based on the long-term (1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004) ozone records of the Co-operative Programme for Monitoring and Evaluation of the Long-range Transmission of Air Pollutants in Europe (EMEP) and the World Data Centre of Greenhouse Gases, which provide data mostly for the Northern Hemisphere. Seasonal variations are pronounced at most of the 114 locations at all times of the day. A seasonal-diurnal variations classification using hierarchical agglomeration clustering reveals 6 distinct clusters: clean background, rural, semipolluted non-elevated, semi-polluted semi-elevated, elevated and polar/remote marine. For the "clean background" cluster the seasonal maximum is observed in March-April, both for night and day. For those sites with a double maximum or a wide spring-summer maximum, the spring maximum appears both for day and night, while the summer maximum is more pronounced for daytime and hence can be attributed to photochemical processes. The spring maximum is more likely caused by dynamical/transport processes than by photochemistry as it is observed in spring for all times of the day. We compare the identified clusters with corresponding data from the 3-D atmospheric chemistry general circulation model ECHAM5/MESSy1 covering the period of 1998-2005. For the model output as for the measurements 6 clusters are considered. The simulation shows at most of the sites a spring seasonal maximum or a broad spring-summer maximum (with higher summer mixing ratios). For southern hemispheric and polar remote locations the seasonal maximum in the simulation is shifted to spring, while the absolute mixing ratios are in good agreement with the measurements. The seasonality in the model cluster covering background locations is characterized by a pronounced spring (AprilMay) maximum. For the model clusters which cover rural Correspondence to: O. A. Tarasova (tarasova@mpch-mainz.mpg.de) and semi-polluted sites the role of the photochemical production/destruction seems to be overestimated. Taking into consideration the differences in the data sampling procedure, the comparison demonstrates the ability of the model to reproduce the main regimes of surface ozone variations quite well.
Introduction
Ozone is a key species of tropospheric chemistry, polluted or pristine (Crutzen, 1973; Fabian and Pruchniewz, 1977) , and it is a greenhouse gas (IPCC, 2006) . Surface ozone is of special concern as an air pollutant. Particularly, despite the measures taken to ameliorate surface ozone increase by reducing precursor emissions (Ordóñez et al., 2005; Vingarzan, 2004; Oltmans et al., 2006) , its level appears to be increasing. Jonson et al. (2006) suggested that reductions in regional ozone production were annulled by increasing levels of background ozone, thus leading to the upward trend observed at Mace Head in Ireland. A possible explanation of the positive trend at the elevated European sites has been proposed by Ordóñez et al. (2007) , who suggested that an increased contribution of stratospheric ozone was the main reason for the tropospheric ozone increase in the 90s. Even over parts of the Atlantic Ocean ozone has been increasing (Lelieveld et al., 2004) , attributed to increases in anthropogenic NOx emissions in Africa. At the same time at certain locations surface ozone trends can be negative (Tarasova et al., 2003; Vingarzan, 2004) . Altogether a deeper understanding of ozone, of its spatial variability, its temporal variations, trends and ultimately its budget is still required. The diversity of the processes that control and affect tropospheric ozone combined with its variable rather short lifetime constitutes a most complex system. Careful analyses of the many observations of this interesting gas contribute to our understanding, as do O. A. Tarasova et al.: A climatology of surface ozone in the extra tropics model simulations. In this paper we will combine both approaches for a better understanding of extra-tropical ozone.
Surface ozone over the continents has a pronounced seasonal cycle (e.g. Tropospheric Ozone Research, TOR-2 final report; Zvyagintsev, 2004) . The shape of this cycle depends primarily on the latitude (insolation), on the availability of precursors (chemistry) and also on the altitude (temperature, mixing, downward transport, precursors). The maximum can occur in winter/early spring (Oltmans et al., 2004 (Oltmans et al., , 2006 (Oltmans et al., , 2007 Gros et al., 1998; Scheel et al., 1990) , in spring, or in spring/summer (Scheel et al., 1997; Felipe-Soteloa et al., 2006; Scheel, 2003; Schuepbach et al., 2001; Varotsos et al., 2001; Sunwoo and Carmichael, 1994; Ahammed et al., 2006 , and many other papers). A complex interplay of photochemical and dynamical processes controls the main features of surface ozone variations (Lelieveld and Dentener, 2000) and the shape of the seasonal cycle (Oltmans et al., 1992; Monks, 2000) . An earlier classification of the surface ozone seasonal cycles for European sites was performed by Esser (1993) and confirmed by the results of the TOR-2 project. This classification was based on a priori information of the pollution and local meteorological conditions at the observational site and hence can be considered to have some degree of subjectivity. Moreover, it was noted that even for neighboring locations the shape of the seasonal variations can be different (e.g. Felipe-Soteloa et al., 2006) .
A prominent feature, namely the spring maximum in Northern Hemisphere mid-latitudes that is well visible in background observatories is still subject to research (Scheel et al., 1997; EMEP Assessment, 2004; Schuepbach et al., 2001; Li et al., 2002) . A re-analysis of historical records confirms the existence of the spring maximum in earlier years (Linvill et al., 1980; Monks, 2000; Nolle et al., 2005) , although clearly the shape of the cycle is sensitive to pollution conditions. For example, Zvyaginsev (2004) analyzing the 1976-1995 Hohenpeissenberg data (for which spring and summer maxima are separated) showed that the summer maximum changes more strongly than the spring maximum. Scheel et al. (2003) reported that at the Zugspitze for more polluted years the seasonal maximum is observed later in the year.
Most of the aspects of the surface ozone seasonality, and its spring maximum in particular, can be found in the review of Monks (2000) . He mentions a number of issues that need further work, namely the relative contributions of dynamical (STE) and photo-chemical processes, the relationship between ozone and precursor cycles, and the role of long-range transport versus in-situ photochemical production.
Whereas most overview papers consider the seasonal cycle on the basis of a priori information for given observation sites, our contribution to better understanding the surface ozone seasonality is solely based on a statistical analysis of observed ozone time series and of corresponding model output. We use data from the extra-tropics around the globe to gain insight into average seasonal and diurnal changes, thereby trying to attribute the roles of the relevant underlying processes. Unlike most studies we do include the diurnal cycle in our considerations. This point is very important as diurnal variations bear information on local pollution conditions and boundary layer dynamics. In particular, the rate of the afternoon ozone growth is defined by the local precursor levels, and the formation of the morning minimum is defined by the properties of the underlying surface and intensity of the temperature inversion. Moreover, formation of the breeze-type (with morning diurnal maximum) or mountaintype (with night diurnal maximum) shape of the diurnal cycle is defined by the dynamics of the boundary layer. Thus the inclusion of diurnal variations into the analysis can help to distinguish more clearly the different regimes of the surface ozone variations and to identify the processes driven by sunlight. After applying a non-biased statistical approach to the observations, we do virtually the same to the model output.
Our paper has the following structure: In Sect. 2 we discuss the observational data used for the analysis and give a brief overview of the ECHAM5/MESSy1 modelling system. In Sect. 3 the analytical technique is discussed and Sect. 4 presents the results of the classification of the observational data and the model output, and provides a discussion of the obtained results and the cluster inter-comparison. Conclusions are presented in Sect. 5.
Data
For our climatological study we use surface ozone records of at least 10 years duration from non-tropical latitudes (excluded is the belt between 25 • S and 25 • N). The hourly data were obtained from the EMEP project (www.emep.int) and the World Data Centre for Greenhouse Gases (http: //gaw.kishou.go.jp). A total of 114 time series are used. Because the majority of the datasets are obtained from EMEP, the total data set has a geographical bias to Europe. For the Southern Hemisphere, where the coverage is very poor, some 8 year records had to be used. The data are presented in nmol/mol. The entire set of sites is listed in Table 1 including the site coordinates, the altitude, an identifier and the cluster membership as deduced below. All of the used datasets have confirmed quality (e.g. Hjellbrekke and Solberg, 2003) . The variability of the monthly mean mixing ratio calculations (annual standard deviation of the monthly means for each hour of the day) is estimated to be between 2% and 7% (Zvyagintsev, 2004) for each particular location.
The comparison with model output is performed using the results of the 3-D atmospheric chemistry general circulation model ECHAM5/MESSy1 (http://www. messy-interface.org), which -in the applied setup -simulates consistently the chemistry and dynamics of the atmosphere between the Earth's surface and the upper stratosphere/lower mesosphere (approx. 80 km). The data used here are the results of the S1 simulation presented by Jöckel (2006) . In this simulation the model dynamics has been weakly nudged in the free troposphere/lower stratosphere (up to 100 hPa) towards ECMWF operational analysis data, in order to follow the actual meteorology. For our analysis it is important to mention that most of the ozone precursor emissions have been prescribed for each year as monthly average fluxes of the year 2000. This could cause some discrepancy while comparing multi-annual averages of the measurements and the model output.
The model ECHAM5/MESSy1 has been compared to the other GCMs and to observations (Jöckel et al., 2006) , showing that the main processes are correctly described in the model. For instance, the stratospheric contribution in the model is 393±25 Tg(O 3 ) y −1 and the dry deposition is 780±25 Tg(O 3 ) y −1 , which is for both processes at the lower end of the ranges presented by Stevenson et al. (2006) in the model inter-comparison experiment.
The provided model output has a time resolution of 5 h, yielding an hourly resolved diurnal cycle every 5 days. From the ∼2.8 • ×∼2.8 • gridded model output ozone time series at the positions of the observational sites have been subsampled. Due to the rather coarse model grid, some neighbouring sites are located in the same model grid box. Each model grid box, however, was taken into consideration only once. Thus, the number of the used model time series (72) is smaller than the actual number of sites (114) which are used for the analysis. Since the model is formulated on hybrid "terrain following" vertical layers, the lowest model level has been selected. This is feasible, since boundary layer processes, such as for instance dry deposition, are important at most of the measurement sites, with the exception of some elevated sites, at which often free tropospheric air is sampled. Even for these cases, it was not possible to find a nonarbitrary, strict criterion to justify sampling at higher model levels.
The model output covers the period from 1998 to 2005 and does not overlap completely with the measurement periods. In addition to the ozone time series, also the simulated stratospheric ozone tracer (O (s) 3 ) has been sampled (available from 2000 onward) in the same way. This tracer indicates the ozone content that originates from the stratosphere. In the analysis this information is used to estimate the contribution of the STE to the observed mixing ratios at the surface. The STE is one of the processes controlling surface ozone variability and competing to chemical production/destruction. In some cases low average mixing ratios can be accompanied by rather high stratospheric contributions being annulated for example by local destruction. Thus the obtained numbers are more indicative (qualitative) than quantitative.
Statistical analysis
Long-term trends of surface ozone mixing ratios can differ from site to site (e.g. in the range from +2.6±0.6%/year to −1.4±0.7%/year as reported by Virgarzan, 2004) , which increases the uncertainty in the estimated means. To reduce possible biases and to unify the datasets, all time series were first de-trended by subtracting the incline of a linear regression in time. This provides statistical uniformity of the seasonal variations, i.e. the averaging for each annual period should give the same mean within the range of uncertainties. The trend correction is between −0.8 nmol/mol/year and +1.4 nmol/mol/year and turned out to be rather different even for close locations. This issue of the trends, however, will not be discussed further in the present analysis.
For each particular location (measurement site or corresponding model grid box) we calculated 24 averaged seasonal cycles, corresponding to each hour of the day for the whole measurement/simulation period. The result is a matrix giving the average seasonal variation for a given time of a day and the diurnal cycle for each month simultaneously for each considered location, O 3,i (h, m). Here i is the index of the measurement/simulated data location, h is the local time in hours and m is the month of the year. The number N of matrices, which were subjected to classification, is 114/72 for the measurements/model output, respectively. To obtain seasonal uniformity, the data for the Southern Hemisphere were shifted by 6 months. The model output has been shifted from universal time (UTC) to local time based on longitude information in order to synchronize it with the observations.
The term cluster analysis (first used by Tryon, 1939 ) comprises a number of different algorithms and methods for grouping objects with similar properties into respective groups in a way that the degree of association between two objects is maximal if they belong to the same group and minimal otherwise. Given the above, cluster analysis can be used Changes of the total dispersion in the process of the agglomeration. The optimal number of clusters for the measurements is shown in the graph (n=6) and corresponds to the point of the first strong change of S(n). For the model results the changes of S(n) are rather smooth, thus the number of clusters was selected to be the same as for the measurements.
to discover structures in data without a priori information on the data properties (Hill and Lewicki, 2006) . Basically there are two different clustering algorithms (Everitt, 1993) , namely hierarchical and non-hierarchical clustering. The purpose of the hierarchical clustering is to join objects into successively larger clusters, using some measure of similarity or distance. All the classified objects are considered at each step of the hierarchical clustering and the process is determined by the construction of an agglomeration (discrimination) tree. This approach is usually used when the number of clusters is unknown. A detailed overview of hierarchical classification (including agglomeration and discrimination techniques) can be found in Gordon (1987) . Hierarchical clustering is for instance often used in air transport classification (Cape et al., 2000; Colette et al., 2005) .
Unlike the hierarchical clustering procedure applied here, non-hierarchical clustering (e.g. the k-means algorithm) requires that the number of clusters is already known and that the objects are distributed between those (Moody et al., 1991) . This algorithm is widely used in cases where a priori information on the nature of the measurements is available. An example is the classification of aerosol types (Omar et al., 2005) . Since we have no a priori information on the number of the particular patterns in our data, this method is not applicable here.
The agglomeration hierarchical procedure begins by initializing N singleton clusters (in our case one seasonaldiurnal matrix). Then the two closest clusters are merged to form a single cluster. This process is repeated until one cluster remains. Results of the agglomeration process can be different depending on the applied measure of the dissimilarities (similarities) and distances between objects when forming the clusters. Normalization of the input data can also impact the results of classification slightly and it is usually performed to provide an equal weight to all the variables used for classification and to decrease the effect of the data scatter.
In this paper a squared Euclidean distance is used as a measure of distance between the objects i and j :
where the sum is over 24 h (h) and 12 months (m).
As an agglomeration rule the average linkage within groups is used. It takes into consideration the mean distance between all possible inter-or intra-cluster pairs, unlike the average linkage method (Beaver and Palazoglu, 2006) , where only the distance between the cluster averages is taken into consideration. The average distance between all pairs in the resulting cluster is minimised, min(d ii ), while the average distance between all the pairs in two different clusters is maximised, max(d ij ):
where n i and n j are the number of the objects in the clusters i and j . Since we have a rather small number of objects, the application of this agglomeration method allows us to obtain the maximum homogeneity within the clusters. In spite of the fact that the best results can be obtained with the Ward method, it is not applicable in our case as it tends to force the clusters to have similar sizes, which is not appropriate in the case of spatially inhomogeneous information. In the agglomeration process the total distance between cluster centres and cluster members is determined at each step, representing a total dispersion S of the system
where O 3,i is a centre of the cluster i, O 3,j are the members of the cluster i, n j is the number of the elements in the cluster i and n is the total number of clusters. The dispersion S(n) rises monotonously and reaches its maximum when all the vectors are unified in a single cluster (n=1). The appropriate number of clusters is defined by the point of the extreme growth rate of S(n). The choice of the number of clusters is quite flexible if the growth rate of S(n) has no distinct extreme. In the case of a normal distribution of classified vectors, S(n) changes smoothly and the choice of the number of clusters can be rather subjective (e.g. in the case of the model output).
As stated above, we apply hierarchical agglomeration clustering to the seasonal-diurnal matrices of the measurements and of the model output. Figure 1 shows S(n) for both cases (measurements and model output) simultaneously. For observational data agglomeration in 6 clusters corresponds to the strong gradient of the total dispersion. At the same time the relative change of S(n) in the agglomeration of the model data is nearly stationary. Thus, the number of the model clusters (MC) was selected to be 6, i.e. the same as for the measurements. The cluster membership was defined at the Fig. 2 ). The mixing ratio scale is the same in all graphs to show the differences between the clusters and to reflect their diurnal changes.
corresponding step of the agglomeration procedure. Average mixing ratios (cluster centres) and their standard deviation were calculated as an average of the seasonal-diurnal cycles included in each cluster (average of the cluster members).
The procedure was applied to the measurements and to the simulated data independently.
Results

Classes of the observed surface ozone seasonal-diurnal cycles
The 6 typical classes (centres of the corresponding clusters) identified by the cluster analysis of the average seasonaldiurnal matrices of 114 sites are visualized in Fig. 2 . The statistics of the obtained clusters for the observations and the model output are summarised in Table 2 . It should be kept in mind that all estimates given in the text have a range in the order of one standard deviation listed in Table 2 . Cluster 1 (Fig. 2a ) referred to as OC1 (Observational Cluster 1) is characterized by a pronounced spring maximum (March-April). The values range from 21 nmol/mol to 43 nmol/mol. The months of the seasonal maximum are nearly the same for any time of the day (Fig. 3) . The maximum amplitude (difference between daily maximum and daily minimum) of the diurnal cycle is observed in JulyAugust (up to 7.0 nmol/mol) and is rather small. It may be explained by a combination of local chemistry (providing weak daily production) and boundary layer dynamics (colder nights with stronger inversions and hence enhanced deposition at the surface). It can be seen (Fig. 2a) that in OC1 the night/early morning mixing ratios in August are the lowest throughout the year. In winter the amplitude of the diurnal variations is less than 1 nmol/mol and the absolute mixing ratios are around 30 nmol/mol. The maximum amplitude of the seasonal variations is observed close to the time of the diurnal minimum (17 nmol/mol). It should be mentioned that the variations of the seasonal amplitude for different hours are less than 20% of its maximal magnitude. Such a regime of surface ozone variations is often reported for background/rural sites, not only in the extra tropics (e.g. Scheel et al., 1997; EMEP Assessment, 2004; Oltmans et al., 2006; Sunwoo et al., 1994) , but also at some tropical locations (Ahammed et al., 2006) . A comparison of the properties of OC1 with literature data indicates that sites in this cluster are unpolluted/remote and can be considered as representative for background conditions. Indeed, the geographic locations of the sites of this cluster (Fig. 4, Table 1 ) confirm this result. A more complex shape of the cluster averaged seasonaldiurnal variations is observed in OC2 (Fig. 2b) . Average mixing ratios in OC2 are similar to those in OC1 (19-44 nmol/mol), while the shape of the seasonal cycle is different. At night it is characterized by a pronounced spring maximum in April, which is shifted to May for daytime hours (Fig. 2) . A secondary seasonal maximum is formed in August during the day (Fig. 3) . The spring maximum of OC2 is lower than that of the background OC1 at night (up to 8 nmol/mol) and nearly equals it during daytime. At the same time the ozone mixing ratios in OC2 in winter are always (on average 9 nmol/mol) lower than that of OC1. This probably points to a higher activity of the chemical processes in OC2 in comparison with OC1, both destruction and production. Assuming that OC2 is more polluted than OC1, the lower seasonal maximum at night may be explained by ozone destruction through reaction with NOx. This is supported by the highest differences between these clusters which are observed during the winter months. Higher values are observed in OC2 during daytime hours due to more efficient ozone production. Seasonal variations similar to those in OC2 have been reported for non-elevated rural sites, either clean or semi-polluted. The maximum amplitude of the diurnal cycle of OC2 is observed in August (up to 16 nmol/mol) which is nearly 2 times larger than in background cluster OC1. In winter it does not exceed 5 nmol/mol. The maximum amplitude of the seasonal cycle is observed at 16 h local time (22 nmol/mol). Depending on the time of the day, the amplitude of the seasonal cycle varies from 10 nmol/mol for early morning hours up to its maximum. These characteristics of the OC2 seasonal-diurnal variations in comparison with literature information (TOR-2 Final Report, 2003; Fiore et al., 2003; Felipe-Soteloa et al., 2006; Monks, 2000) suggest that this cluster is characteristic of weakly polluted non-elevated sites (mainly rural). As can be seen in Fig. 4 , the sites of OC2 are situated in Northern Europe and the mid-latitudes of the USA, mainly in the regions close to seas and on islands (Fig. 4) . Also one of the southern hemispheric sites appears in this cluster (Ushuaia) due to the fact that average levels at this site are comparable with those in OC2, while the individual shape of the seasonal cycle is different and is characterised by a wide winter-spring maximum. This can be considered as an artefact of our approach, as it tends to merge seasonal-diurnal matrices in one cluster by trying to minimize the difference inside the cluster, and hence unifying members with minimum mixing ratio differences.
In comparison to the background cluster OC1, in cluster 3 (OC3), changes of the shape of the seasonal cycle are more pronounced. Average mixing ratios in OC3 range between 12 and 47 nmol/mol with minimal values of 9 nmol/mol and of 7 nmol/mol lower than in OC1 and OC2, respectively. In contrast, the maximum mixing ratios are only 3-4 nmol/mol higher than in OC1 and OC2. OC3 is characterized by a wide spring-summer seasonal maximum (Fig. 3c ). At night a spring "shoulder" of the seasonal maximum is more pronounced, while during daytime the spring and summer maxima are comparable. It should be noted that during winter the ozone mixing ratios in OC3 are substantially lower than those in OC1 and OC2 at any time of the day (up to 17 nmol/mol and 8 nmol/mol, respectively), while the summer nighttime mixing ratios in OC3 are comparable to the corresponding mixing ratios in OC1 and OC2. The summer daytime mixing ratios in OC3 are higher than those in OC1 and OC2 (up to 19 nmol/mol and 10 nmol/mol, respectively). The spring maximum in OC3 is observed in April-May. Diurnal maxima and minima are observed at the same time as in OC2 at any season. The amplitude of the seasonal cycle varies from 11 nmol/mol at 5 a.m. local time to 31 nmol/mol around 3 p.m., which exceeds nearly 1.5 times the corresponding amplitude of the seasonal cycle in OC2. The amplitude of the diurnal cycle varies from 3 nmol/mol in December to 27 nmol/mol in August. Substantial variations (both seasonal and diurnal) of the surface ozone mixing ratios in OC3, the decrease during winter to values lower than the background and a substantial increase in summer, especially during daytime, point to high activity of photo-chemical processes in this cluster: strong ozone destruction by reaction with NO in winter and efficient ozone production in summer. The substantially higher deviations of the ozone mixing ratios in OC3 from OC1 in comparison with similar differences between OC1 and OC2 indicate that the surface ozone variations observed in OC3 may be representative for more polluted sites Varotsos et al., 2001) . For some sites included in OC3 (e.g. IT0004R, KPS646N00 and some others) the value of the summer maximum can exceed the spring maximum, especially for daytime hours, indicating strong photochemical ozone production. The locations of the sites of OC3 on the map (Fig. 4) show that they are likely affected by a variety of pollution sources. OC4 (Fig. 2d) has a structure of the seasonal-diurnal cycle similar to that of OC3. Notwithstanding, the ozone levels in OC4 are higher than in OC2 or OC3 for all seasons and all times of the day (Fig. 3) , i.e. in the range of 24-53 nmol/mol. This holds in winter and at night (at least 3 nmol/mol excess over OC2 and at least 11 nmol/mol excess over OC3). It is unlikely that the sites of this cluster are less polluted as far as OC2 represents rural conditions. The presence of pollution is confirmed by the fact that the winter mixing ratios in OC4 are lower than that of OC1. During the period from November till February mixing ratios at any time of the day are from 2 nmol/mol to 6 nmol/mol lower in OC4 than in OC1. In contract to OC3, in OC4 the seasonal maximum at night is not very sharp and occurs during spring and summer. During the day the summer maximum is more pronounced and usually exceeds the spring maximum (Fig. 3) . In comparison with the background OC1 spring maximum, the maximum in OC4 is two months delayed, which again indicates a higher pollution level for OC4. A similar effect was reported by Scheel et al. (2003) , who showed that at Zugspitze for the more polluted years the seasonal maximum is shifted to later months. The amplitude of the diurnal cycle in OC4 varies from 1 nmol/mol in December up to 11.0 nmol/mol in August, which is 5 nmol/mol lower than in OC2 and by more than a factor of 2 less than in OC3. This means that either daily ozone production plays a less important role in OC4 in comparison with OC2 and OC3, or that the diurnal variations in OC4 are less sensitive to diurnal changes of the vertical mixing and local photochemistry. The comparison of the altitude ranges of sites included in OC3 and OC4, respectively, shows that the first group (1 m-937 m a.s.l., average 207 m a.s.l.) is less elevated than the second group (105-2008 m, average of 952 m a.s.l.). The amplitude of the seasonal variations in OC4 varies from 17 nmol/mol at 7 a.m. to 28 nmol/mol at 4 p.m. Summarising the features of OC4 discussed above and comparison with the seasonal cycles in various publications (Oltmans at al., 2006 , Fiore et al., 2003 Scheel et al., 2003) lead us to the conclusion that OC4 represents the semi-polluted semi-elevated sites. This is confirmed by Fig. 4 .
The average seasonal-diurnal cycle in the observational cluster 5 (OC5, Fig. 1e ) is characterized by a broad springsummer maximum with higher nighttime values. The average mixing ratios in OC5 are in the range of 38-57 nmol/mol and they are the highest among all clusters. At night the maxima of the seasonal variations are not distinguishable (Fig. 3) , while during the day a double peak structure is present. The difference between seasonal maxima is very weak. Mixing ratios observed in OC5 exceed those in all other clusters during all seasons and all times of the day, especially in winter. The excess of OC5 over the background OC1 in winter is at least 6 nmol/mol. The amplitude of the diurnal cycle varies from 0.3 nmol/mol in December to 6.0 nmol/mol in June-July, which is the period of highest insolation. These values are substantially lower than in the other clusters, except for OC6, where the diurnal cycle is absent. Since the maximum occurs at night, the diurnal cycle can be driven by boundary layer dynamics, while photochemical production only plays a minor role. The amplitude of the seasonal cycle varies from 14 nmol/mol at 9 a.m. up to 18 nmol/mol between 10 p.m. and 12 p.m. The rather stable high mixing ratios and the seasonal variations are nearly insensitive to the time of the day (with a slight growth at night) and most likely correspond to the surface ozone regime observed at mountain sites (Oltmans at al., 2006; Fiore et al., 2003; Scheel et al., 2003; Schuepbach et al., 2001; Tarasova et al., 2003) . Presenting the members of OC5 on the map indeed shows elevated locations (Fig. 4) . The summary in Table 2 shows that there are 6 locations included in OC5, all with elevations of more than 1700 m a.s.l. (Table 1 ).
The structure of the observational cluster 6 (OC6) demonstrates how sites with different mechanisms influencing the seasonal and diurnal variations can appear in the same cluster due to comparable mixing ratio levels and due to similarities of the seasonal variations . OC6 includes 4 sites, situated in the coastal zone of the Arctic (Barrow) and Antarctica (Neumayer and Syowa Station) and a site in New Zealand (Baring Head) (Fig. 4) . The mixing ratios in OC6 range between 14 and 29 nmol/mol. Three other sites of the Southern Hemisphere are considered in the analysis, namely South Pole and McMurdo, which are in OC1, and Ushuaia in cluster OC2. These sites have higher mixing ratios and they are assigned to the other clusters with more appropriate levels. In fact the shape of the seasonal-diurnal variations is quite similar for all southern hemispheric locations. OC6 is characterized by a pronounced winter (local June-July) seasonal maximum. Note that southern hemispheric data were 6 months shifted prior to the analysis. The winter seasonal maximum is observed at all times of the day and in absence of diurnal variations (Fig. 2) . Such a shape of the seasonal cycle is reported for the majority of the mid-and high-latitude locations of the Southern Hemisphere, in particular for Cape Point, Cape Grim, South Pole and others (Oltmans et al., 2006; Scheel et al., 1990; Gros et al., 1998) . The diurnal variations in this cluster are very weak and do not exceed 1 nmol/mol. This absence of diurnal variations indicates that the surface ozone variability is controlled by the processes with timescales longer than a day. The amplitude of the seasonal cycle in OC6 reaches 14 nmol/mol and does not depend on the time of the day. The high stability of ozone at the sites in OC6 probably shows that atmospheric transport can be more important for these sites than local fast photochemistry. The surface ozone variation represented by OC6 occurs at those 6110 O. A. Tarasova et al.: A climatology of surface ozone in the extra tropics locations where photochemical activity is weak because of low precursor levels and/or because of the low levels of sunlight and/or because chemical destruction does not play a role in winter (such as in polar regions or on remote islands). The map (Fig. 4) shows that OC6 comprises the sites situated in the polar (or close to polar) coastal zones of Antarctica, New Zealand and Alaska. It is likely that photochemical processes are more important at these locations for the formation of the seasonal minimum through ozone destruction in springsummer (reactions with bromine compounds), while photochemical production is very unlikely. The seasonal maximum at these locations is more plausibly connected with transport processes, both vertical motions (STE) and horizontal advection.
Classes of model simulated surface ozone seasonaldiurnal cycles
To compare the features of the clusters obtained for the measurement sites with the results from the global model simulation, we applied the same technique to the sampled model output at the grid boxes covering the measurement locations.
For the model results we applied the hierarchical clustering procedure and stopped the agglomeration algorithm at 6 clusters to compare the obtained cluster centres with those obtained for the measurements. It should be noted (see Table 2 for details) that the majority of the grid boxes are covered by 3 large clusters, while two clusters contain only one or two grid boxes. Similar to the measurements, the mean seasonal-diurnal cycles of the model clusters (MC) are presented in Fig. 6 . As additional information used for the interpretation of the studied variations, the mean stratospheric contribution calculated for each model cluster is presented (Fig. 7) . This parameter is used to indicate the role of stratosphere-to-troposphere transport and its changes throughout the year for each particular model cluster. Figure 7a shows the stratospheric contribution in absolute values, while Fig. 7b shows it in relative values to the average mixing ratio observed in the model clusters. It should be noted that these values are used only as a qualitative indication rather than a quantitative estimate. An excess of the relative contribution over 100% shows that in situ chemical destruction exceeds local production + stratospheric contribution. The maximum of the stratospheric contribution in absolute values is observed in February-March (Fig. 7a) depending on the cluster. Differences between February and March are usually within the range of uncertainty of the clusters' average (see last column of Table 2 ). Some errors can arise in these estimates due to the different time coverage of the considered data sets (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) The comparison of the main properties of the observational clusters and the ECHAM5/MESSy1 model clusters, respectively (Figs. 1 and 4) , shows that the model reproduces the main classes of the observed variations reasonably well. The following classes are represented by the model: a cluster with a winter-early spring seasonal maximum and a less pronounced diurnal cycle (analogous to OC6); a cluster with a spring maximum and a well established diurnal cycle (analogous to OC1); a cluster with spring-summer maxima and a developed diurnal cycle (comparable to OC2 and OC3); a cluster with elevated mixing ratios (throughout the year), a pronounced seasonal spring maximum and a very weak diurnal cycle with an amplitude independent of the season (similar to OC5); and a cluster with a developed seasonal maximum in summer and a strong diurnal cycle. The last two regimes are likely to be similar to OC3 and OC4.
The model cluster 1 (MC1) by the shape of its seasonaldiurnal matrix is comparable to OC1. It contains 18 grid boxes. Mixing ratios range in MC1 from 20 nmol/mol to 40 nmol/mol, which is close to the range of the mixing ratios in OC1 (21-43 nmol/mol) and OC2 (19-44 nmol/mol). The average seasonal-diurnal cycle in MC1 presented in Fig. 5a is characterised by the pronounced spring maximum in AprilMay. The seasonal maximum is observed in April during night and early morning hours, while for daytime the maximum is shifted to May (Fig. 6 ). This is one month later than in the background cluster OC1 and coincides with the timing of the seasonal maximum in the rural cluster OC2 (Fig. 8a) . The deviation of the daily average mixing ratios in MC1 from those in OC2 (Fig. 9) shows that in winter the simulated mixing ratios are slightly higher (less than 2 nmol/mol) than those in OC2, while in summer (June-August) they are up to 4 nmol/mol lower than in OC2. The summer mixing ratios in MC1 are close to those of OC1 and exceed them by less than 2 nmol/mol. In general, the shape of the seasonaldiurnal matrix of MC1 is closer to that of OC2 than to that of OC1. The amplitude of the seasonal cycle in MC1 varies from 11 nmol/mol at night to its maximum of 17 nmol/mol at 5 p.m. This range is similar to that of OC1. The excess of the diurnal maximum in summer of about 5 nmol/mol and the winter deficit of around 10 nmol/mol in MC1 in comparison with OC1 indicate the overestimated contribution of photochemical production/destruction for the grid boxes in MC1. The amplitude of the diurnal cycle in MC1 varies from 1 nmol/mol in December-January to its maximum in JulyAugust (up to 11 nmol/mol), which is a bit higher than that in OC1. The difference of the mixing ratios in MC1 and OC1 in winter is higher than the dispersion of the cluster centres and is likely caused by the above mentioned overestimated destruction. The stratospheric contribution in MC1 does not exceed 60% in winter and 10% in summer. The map showing the locations of the MC1 grid boxes indeed indicates unpolluted locations (in Fig. 4 MC1 is mostly overlapping with OC1). The model cluster 2 (MC2) by its absolute values (16-51 nmol/mol) is closer to OC3 (Fig. 5b) than to OC2. Around half of the grid boxes are contained in this cluster (30 of 72). This cluster is characterized by a broad spring-summer maximum. As can be seen in Fig. 6 such a shape of the seasonal cycle is present at all times of the day, while it is more likely to show a double peak structure for nighttime hours. It is interesting to note that during the day absolute mixing ratios of the both (spring and summer) maxima grow (Fig. 6 ). This is similar to the diurnal development of the seasonal cycle in OC3 (Fig. 3) . But unlike OC3, where during daytime the summer maximum gets more pronounced, the shape of the seasonal cycle in MC2 is similar for day and night (only the absolute values are growing). This likely implies that local photo-chemical production does not play a primary role and the production is of a more regional impact (the growth is provided by the growing "background" mixing ratios). The amplitude of the seasonal cycle varies from 16 nmol/mol at 7 a.m. to 32.9 nmol/mol at 2-3 p.m. The maximum amplitude of the seasonal cycle in MC2 exceeds both corresponding values for OC2 and OC3. Comparison of MC2 and OC2 (Fig. 8b) shows that during summer not only the maximum, but also the minimum values are higher in MC2 than in OC2, e.g. in July-August the diurnal minimum is overestimated by around 5 nmol/mol. Since nighttimes values can not be explained by overestimated production, this could indicate a positive bias of the simulated values in comparison to the measurements. Further checks did not reveal any systematic shift. The stratospheric contribution reaches its maximum in MC2 in March (16.5 nmol/mol) and it does not exceed 5 nmol/mol in summer. These values contribute up to 80% of the average mixing ratio in winter and up to 15% in summer. It is less plausible that the stratospheric contribution is overestimated in this cluster, causing a substantial deviation from OC2. The map (Fig. 4b, d) shows that MC2 covers a part of Northern Europe by a wide belt along the coast, the Alps , some mid-latitude rural sites of the USA and islands (Japan). Thus the possible reason for the elevated ozone mixing ratios in MC2 in comparison with OC2 is that MC2 covers semi-elevated and mountain locations. Since the model is formulated on terrain following vertical coordinates, it will represent to some extent elevated locations. This results in higher ozone mixing ratios in comparison to the measurements (where semi-elevated and mountain sites are separated into different clusters). This statement is also confirmed by a slight shift of the diurnal cycle in MC2 to later hours in comparison to OC2.
The model cluster 3 (MC3) has a mean seasonal-diurnal matrix similar to those of MC2 and OC3 (Fig. 5c ) and is characterized by a wide spring-summer maximum. The range of the mixing ratios in MC3 is wider than those in MC1 and MC2 and amounts to 9-58 nmol/mol. As for OC3, the seasonal cycle in MC3 changes during the day. For nighttime hours the spring and summer maxima are comparable. For daytime hours the spring maximum is not pronounced and the summer mixing ratios exceed the spring mixing ratios (April-May) by 6 nmol/mol (Fig. 6 ). This indicates local photochemical ozone production. The amplitude of the seasonal cycle strongly depends on the time of the day and varies from 10 nmol/mol at 6 a.m. to 47 nmol/mol at 2 p.m., Fig. 8 . Comparison of the seasonal-diurnal cycle between spatially overlapping clusters of the measurements and the model results as presented in Table 2 . As in Fig. 7 , the lines show average diurnal cycles for each month. indicating the connection of the seasonality with local photochemical activity. A strong production also causes strong diurnal variations in summer. Nevertheless, Fig. 8c demonstrates a quite good agreement between MC3 and OC3 in winter. Moreover, the daytime mean values support a comparison of MC3 and OC3 (Fig. 9) , indicating that the model overestimate in summer is less than 4 nmol/mol and the maximum underestimation in the other seasons is 5 nmol/mol. Taking into consideration the uncertainty of the cluster centres this comparison provides a good result. For both the model and measurement clusters (MC3 and OC3) the maximum of the diurnal variations is observed in August and reaches 43 nmol/mol and 27 nmol/mol, respectively. Figure 7b shows that the relative contribution of stratospheric ozone to the average mixing ratios exceeds 100% in winter, which means that the chemical ozone destruction exceeds the total production and the flux from the stratosphere. Therefore, the observed mixing ratios are even lower than the mixing ratios of the stratospheric tracer. The maximum overestimate of MC3 over OC3 is around 10 nmol/mol in summer at the diurnal maximum, while the simulated diurnal minima are less than 8 nmol/mol lower than those of the measurements. Taking into consideration the limitations of the global model and the difference in the covered periods, the agreement between MC3 and OC3 can be considered as rather good. The map (Fig. 4 ) of the cluster distribution shows that MC3 contains 15 grid boxes covering the sites of Central Europe and rural sites in the USA. Since MC3 is centred in Central Europe, the problem of the elevation which impacts MC2 is not so critical in this cluster.
The model cluster 4 (MC4) presents a special case (Fig. 5d) . This cluster consists of only one grid box, corresponding to Niwot Ridge , i.e. an elevated site in the USA. This cluster is characterised by the highest (among MC and OC) mixing ratios in the range of 24-73 nmol/mol. It has a seasonal-diurnal cycle with a very strong summer maximum, which is observed at all times of the day (Fig. 6 ). The winter mixing ratios in MC4 are also relatively high, with values typical for semi-elevated and mountain locations (the lowest mixing ratios in MC4 equal those in OC4, which is representative of semi-elevated semi-polluted conditions). But unlike OC4, the diurnal and seasonal variations in this cluster are much stronger: the seasonal cycle amplitude ranges from 26 nmol/mol at 8 a.m. to 45 nmol/mol at 11 a.m. in MC4 compared to 17 nmol/mol at 7 a.m. to 28 nmol/mol at 4 p.m. in OC4; the diurnal cycle amplitude ranges from 8 nmol/mol in December to 22 nmol/mol in August in MC4 compared to 1 nmol/mol in December to 11 nmol/mol in August in OC4. This is an indication that MC4 shows an elevated location with very strong photochemical ozone production. One more feature of this cluster is the highest stratospheric contribution in comparison with other model clusters (Fig. 7) . It is difficult to judge whether this is a real excess, or whether averaging within the clusters smoothes out similar elevated contributions for other particular locations. Also, it is interesting to see that the diurnal variations of the stratospheric contribution in MC4 are much stronger than in the other model clusters, but it is nearly constant in relative units and does not exceed 55%.
The model cluster 5 (MC5) is represented by two gridboxes only. The average seasonal-diurnal variations in this cluster are presented in Fig. 5e . It is characterized by relatively high (the highest in winter in comparison with all the other model clusters) mixing ratios with a rather broad spring maximum (April). The range of the mixing ratios in MC4 is 32-52 nmol/mol. This range is close to the range reported above for OC5 (38-57 nmol/mol), but the shape of the seasonal cycle is completely different. Unlike the other clusters, the seasonal minimum in OC5 is observed in July. The diurnal cycle in MC5 is rather weak, reaching its maximum in August (3.7 nmol/mol). It is likely that in this cluster the surface ozone is controlled by the processes with time-scales longer than a day. Since a slight increase in the mixing ratio occurs in the evening and the seasonality is characterized by the spring maximum only, this regime is characteristic of unpolluted locations with weak boundary layer photochemistry and dynamics. Elevated night and winter mixing ratios in comparison with background conditions can indicate either elevated locations (but then a secondary maximum should form in summer) or remote locations with reduced dry deposition. This is likely the case of observations over water surfaces. Figure 4 shows that the two locations representing MC5 are islands and hence, cluster MC5 represents the seasonal-diurnal cycle of the surface ozone over the ocean. It should be noted that the stratospheric relative contribution in MC5 never exceeds 45% (Fig. 7b) and the diurnal variations are weak. This supposes that elevated mixing ratios in comparison with the other clusters are due to the lower deposition over the water surface instead of a stronger flux from the stratosphere or stronger photochemical production.
The model cluster MC 6 (Fig. 5a ) by its properties looks rather similar to OC6. This cluster is characterized by the lowest (in comparison with other model or observational clusters) ozone mixing ratios, in the range from 12 to 23 nmol/mol. This range is comparable to that of OC6 (14-29 nmol/mol). The seasonal maximum in MC6 is observed in March, coinciding in time with the maximum of the stratospheric contribution. In fact (Fig. 7a ) the stratospheric contribution in absolute values does not change significantly between January and March and is at the level of 12 nmol/mol. Similar to OC6, the diurnal cycle in MC6 is absent. Comparison of the seasonal-diurnal cycles for OC6 and MC6 (Fig. 8d and Fig. 9) shows that unlike the observations where the seasonal maximum is observed in winter (December-January), the seasonal maximum in MC6 is shifted to spring. The seasonal minimum in summer is reproduced in MC6, but 1 month later (in August) in comparison to OC6 (July). For the period from March to August the difference between the mixing ratios in MC6 and OC6 is less than 5 nmol/mol. The largest differences between MC6 and OC6 are observed in autumn and winter, but still the model underestimates the observations by less than 8 nmol/mol. The absolute stratospheric contribution in this cluster is the lowest (12 nmol/mol at maximum), while the relative contribution is up to 55% (Fig. 7b) . Analysing the geographical distribution of the grid-boxes contained in this cluster, we find southern hemispheric locations and the grid box containing Barrow. At the moment it is unclear why the model underestimates polar/remote mixing ratios and why a shift of the seasonality is observed in the model. One possibility is an underestimated flux from the stratosphere, however, we do not have the data to check this hypothesis (an analysis of the ozone sounding data is necessary). It is unlikely that background concentrations in the Southern Hemisphere are underestimated: a siteby-site comparison of model results and the observations (including Barrow) does not reveal any systematic differences. In total there are only 6 grid-boxes contained in MC1 covering 3 locations (of 4) representative for the similar regime in the measurements. Thus, it can be concluded that the variations of the surface ozone at remote locations, taking into consideration the limitations of the model setup and the uncertainty in the cluster centre detection, are captured reasonably well by the model.
Conclusions
In this study the main features of the surface ozone seasonaldiurnal variations are discussed. A statistical approach was applied to classify the main types of the seasonal-diurnal cycles based on the measurement data of 114 sites and the output from an atmospheric chemistry general circulation model. Some limitations in the analysis arose from the nonuniform spatial data coverage which makes the results more representative of the Northern Hemisphere. Nevertheless the obtained features represent the main global features of the surface ozone variations.
Our approach revealed 6 typical classes of the seasonaldiurnal cycles in the measurements. Background locations are characterized by a pronounced spring maximum which appears independent of the time of day. We conclude that it is probably not driven by local photochemical processes, but is rather of a dynamical origin. Four measurement clusters are characterized by a broad spring-summer maximum, where the summer part is more pronounced for daytime hours and plausibly due to photochemical production. A strong difference is seen between rural, semi-polluted non-elevated and semi-polluted semi-elevated sites with a more stable structure (less variability) and enhanced mixing ratios throughout the year for the latter. Polar/remote locations are also localized in one cluster and they are characterized by low absolute mixing ratios, a pronounced winter maximum and the absence of diurnal variations. It should be noted that both northern and southern hemispheric locations have such a regime of the surface ozone variations.
As for the measurements, the statistical approach has also been applied to model output. While making the comparison between the observed and the simulated seasonal-diurnal cycles, it should be kept in mind that the model data have different temporal and spatial resolution, and that identical monthly emissions have been prescribed each year. Nevertheless, the agreement between the model clusters and the observation clusters is rather good. We used the same number of clusters for the model output as for the measurements. The regime with low mixing ratios and without a diurnal cycle is reproduced by the model for 5 of 6 considered grid boxes of the Southern Hemisphere and for Barrow. 3 of 4 sites included in the corresponding cluster of observations are overlapping with this model cluster. The seasonal maximum in the model simulation is shifted to March and the minimum is shifted to August, which are respectively 2 and 1 months later than in the corresponding observational cluster. Background, rural and semi-polluted sites are merged for the model output in different clusters. For the cluster covering background locations the seasonal maximum is observed in April-May. For the model cluster covering rural locations and for the cluster covering semi-polluted locations the role of the photochemical production/destruction is likely to be overestimated, resulting in too low winter values and too high summer production. The amplitude of the diurnal cycle for the summer months in the more polluted cluster exceeds 40 nmol/mol. At the same time the excess of the rural mixing ratios can be explained by a bias resulting from the applied de-trending procedure, which normalises to the beginning of the data period, which is different for the model compared to the observations. Furthermore, the inclusion of elevated locations in this cluster contributes to this bias. Taking into consideration the differences in the data sampling procedure (initial temporal resolution, the coarse spatial model resolution and the difference in the covered period), the obtained comparison demonstrates the ability of the model to reproduce the major regimes of the surface ozone variations quite well.
